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[1] Kuwano et al. [2006] (hereinafter referred to as
KNY06) investigated recently how the apparent permeability
and the apparent streaming current coupling coefficient
depend on the Reynolds number. This is a very interesting
problem with several potential applications in geophysics
like the detection of hydromechanical disturbances in active
volcanoes. However, this problem has received very limited
attention so far. KNY06 realized experiments showing a
decrease of the streaming current coupling coefficient L
and permeability k of glass bead packs with the Reynolds
number Re. They also noted qualitatively that L decreases
less than kwith Re and suggested that this difference could be
related to the increase in the efficiency of charge transport in
the vicinity of the surface of the minerals when the Reynolds
number increases. This effect reflects indeed a change in the
shape of the velocity profile of the water in the pores when the
Reynolds number increases. However, KNY06 did not use an
appropriate definition of the Reynolds number and we show
below that their values of the Reynolds numbers are over-
estimated by a factor �24. KNY06 did not also recognize
the importance of the transition between the viscous- and the
inertial-laminar flow regime in explaining quantitatively their
experimental results. We show that the dependence of the
apparent permeability with the Reynolds number can be
quantitatively analyzed from the work published by Teng
and Zhao [2000]. The dependence of the streaming current
coupling coefficient with the Reynolds number has also been
investigated very recently byWatanabe and Katagishi [2006]
and Crespy et al. [2007].
[2] In this comment, I will use a more appropriate

expression of the Reynolds number. This expression implies
values by one order of magnitude smaller than those used
by KNY06 and I provide a model and quantitative expres-
sions regarding how to determine the influence of the
Reynolds number upon the permeability and the streaming
current coupling coefficient for porous media. These equa-
tions improve strongly the interpretation of the very inter-
esting experimental data obtained by KNY06 by explaining
quantitatively their results inside a theoretical framework.

[3] Teng and Zhao [2000] derived recently a generalized
Darcy equation by volume-averaging the local Navier-
Stokes momentum equation over a representative elemen-
tary volume of a porous material. Their final result is,

rf
dU

dt
þ 1þ Re

k0
hfU ¼ �rpþ F; ð1Þ

where hf (in Pa s) is the dynamic viscosity of water, p (in Pa)
is the pore fluid pressure, U is the seepage (Darcy) velocity
(in m s�1), t is time (in s), k0 (in m2) is the intrinsic
permeability of the porous material in the viscous-laminar
flow regime characterized by low values of the Reynolds
number Re, and F is a macroscopic body force. The
Reynolds number is a key-dimensionless number that
expresses the ratio of inertial to viscous forces in the
Navier-Stokes equation [e.g., Batchelor, 1972]. For a
capillary of radius R, U being the strength of the seepage
velocity, the Reynolds number is a well-defined parameter
given by [e.g., Batchelor, 1972],

Re ¼
rf UR

hf
; ð2Þ

where rf is the mass density of water. In a porous material,
the radius of the capillary should be replaced by a
corresponding length scale of the porous material. We
cannot replace directly the radius of the capillary by the
radius of the grain because these two quantities have a very
different hydrodynamic meaning. I propose that the
Reynolds number of a porous material is defined by,

Re ¼
rf UL

hf
; ð3Þ

where L is the characteristic length of the flow (for
capillaries L = R where R is the radius of the capillary)
introduced by Kostek et al. [1992]. We consider from now
steady-state flow like done in KNY06. The experiment can
be done in a tube with a hydraulic head h and the porous
medium can be packed in a vertical cylinder of length L as
done by Crespy et al. [2007]. In this case, the pressure
gradient is (h/L)ẑ where ẑ is the vertical unit vector directed
upward. Taking equation (1) in steady-state conditions and
neglecting the body force, the Darcy velocity can be
expressed in an apparent Darcy’s law U = �(krf g/hf)(h/L) ẑ
where g = 9.81 m2 s�1 (acceleration of the gravity) and k is
an apparent permeability that is related to the Reynolds
number by,

k=k0 ¼ 1= 1þ Reð Þ: ð4Þ
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[4] We can now take equation (3) and we can replace U
by (krf g/hf)(h/L). The Reynolds number is given by,

Re ¼
r2f gk0L

h2f 1þ Reð Þ
h

L
: ð5Þ

[5] For a granular medium with grain a diameter d0 (in
m), the length scale L is related to d0 by L = d0/[2m(F � 1)]
and the intrinsic permeability is related to d0 by k0 = d0

2/[a
F(F � 1)2] wherea is a numerical constant in the range 8–53
and where F = f�m is the electrical formation factor and m
is the cementation exponent [Revil, 2002]. From these
relationships and equation (5), the Reynolds number is the
solution of the following equation,

Re2 þ Re�
r2f g

2mah2f

d30

F F � 1ð Þ3
h

L

� �
¼ 0: ð6Þ

[6] The positive root of equation (6) is,

Re ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffi
1þ c

p
� 1

� �
; ð7Þ

c ¼
#r2f g

h2f

d30

F F � 1ð Þ3
h

L

� �
; ð8Þ

where # 	 2.25 
 10�3 is a numerical factor determined
from average values for m and a. Equation (7) has been
used successfully by Crespy et al. [2007]. A comparison
between this formula and the one used by KNY06 shows
that the estimates of the Reynolds numbers obtained by
KNY06 are overestimated by a factor �24. The discrepancy
is even worst if I use the value of the formation factor
provided by KNY06. A better estimate of the formation
factor is discussed below.

[7] For the dependence of the streaming current coupling
coefficient with Re, Crespy et al. [2007] derived the
following equation,

L Reð Þ ¼ L0 1þ Reð Þ�n: ð9Þ

with n = 1.
[8] To quantitatively apply the previous model to the data

of KNY06, we need an estimate of the electrical formation
factor. KNY06 used a linear model that relates the electrical
conductivity of the packs to the electrical conductivity of the
electrolyte. This is a very simplified model at low pore water
conductivities [seeCrespy et al., 2007, and references therein].
The formation factor estimated by KNY06 (F = 18) seems to
be severely overestimated. Archie’s law with a porosity in the
range 0.35–0.40 (typically the porosity of a random pack of
spherical grains), and a cementation exponent m in the range
1.3–1.5, yield a formation factor below 10. Measurements
carried out by Crespy et al. [2007] indicates that F = 3.3 ± 0.1
for glass bead packs and we believe that this value is much
more representative than the value provided by KNY06.
Considering this value of the formation factor, we
have re-analyzed the data of KNY06. The results are
displayed on Figure 1 and are consistent with the model
discussed above but with n = 1=2 in equation (9). The
theoretical reason for this exponent will be explored in a
forthcoming contribution.
[9] We conclude that the scaling of the permeability and

the streaming current coupling coefficient with the Rey-
nolds number can be quantitatively analyzed with simple
functional dependence on the Reynolds number.

[10] Acknowledgments. I thank S. Byrdina and N. Linde for fruitful
discussions and the two referees for constructive comments.
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